rabbit immunization against recombinant FSHβ, were used at a final dilution of 1:8000. 24
Recombinant FSH heterodimer was used to generate a standard curve and for coating of 25 microplates (166 µg/ml). The sensitivity of the assay was 0.5 ng/ml [B 0 -2SD], and the intra-26 and inter-assay coefficients of variation were 2.12% (n=10) and 5.44% (n=16) (B i /B 0 ~ 45%), 27 respectively. A high degree of parallelism was observed between the standard curve and 28 serially diluted plasma and pituitary samples of European sea bass. 29
The ELISA developed was used to study the plasma FSH profiles of mature males and 30 females during the reproductive cycle, and those of immature juvenile males under different 31 light regimes. The analysis showed that FSH increased significantly during the intermediate 32 stages of spermatogenesis and during vitellogenesis. Analyses in immature juvenile males 33
showed that the continuous light photoperiod significantly reduced plasma FSH levels, and 34 consequently, testicular growth and precocious puberty. In conclusion, the immunoassay 35 developed has proven to be sensitive, specific and accurate for measuring European sea bass 36 FSH, and it represents a valuable tool for future studies on the reproductive endocrinology of 37 this species. 38
Introduction 42 43
The gonadotropins (GTHs), follicle-stimulating hormone (FSH) and luteinizing hormone 44 (LH) are key hormones in the control of reproduction in vertebrates. These heterodimeric 45 glycoproteins are synthesized and secreted by the pituitary gland. GTHs are formed by the 46 non-covalent association of a common α-subunit with distinct β-subunits that confer hormone 47 specificity [5, 26] . Each subunit is encoded by a single, separate gene [11] , while dimerization 48 and glycosylation are prerequisites for GTHs to achieve full biological activity. 49
As in higher vertebrates, fish GTHs regulate gametogenesis and steroidogenesis. In 50 salmonids, from which most of the information on seasonal GTHs profiles comes, FSH is 51 believed to regulate the early stages of gametogenesis, such as vitellogenesis and 52 spermatogenesis, whereas LH is generally accepted to be the hormone responsible for the 53 final maturation processes, such as oocyte maturation, ovulation and spermiation [15] . 54
However, the functional duality between FSH and LH at critical moments in the reproductive 55 process in other fish species has not yet been fully clarified, mainly due to a lack of 56 appropriate research tools like assays to measure GTH levels. Traditionally, the 57 immunoassays developed to determine GTH levels in fish have been radioimmunoassays 58 (RIA) or enzyme-linked immunosorbent assays (ELISA) based on native GTHs purified from 59 fish pituitaries, as well as their specific antibodies. The purification of native GTHs is a 60 highly demanding process in terms of time, cost and the large number of pituitary glands 61 required [15] . Since the late 1980s, GTHs have been isolated and characterized in several fish 62 species, but homologous immunoassays for FSH have only been developed for three fish 63 species with synchronous ovarian development: chum salmon (Oncorhynchus keta) [36] , 64 coho salmon (Oncorhynchus kisutch) [39, 40] and rainbow trout (Oncorhynchus mykiss) [12] . 65
For other fish species, quantitative tools like these have only been available for LH, a fact that 66 has hampered studies. Over the last decade, the isolation and characterization of cDNAs 67 encoding GTH subunits in a wide range of fish species has made it possible to produce 68 species-specific recombinant GTHs. The production of recombinant GTHs represents a good 69 alternative to native hormones, as they can be continuously produced, ensuring their 70 availability and preventing cross-contamination with other related glycoproteins [15] . 71
However, over the last few years, homologous immunoassays for FSH and LH using 72 precocious puberty in males [6], on plasma FSH levels. Immature juvenile males were 123 subjected to either simulated natural photoperiod (NP) or continuous light (LL) (24h 124 light/day) treatments for ten months (June-March). In October, December, January and 125 March, 13 fish from each group were anesthetized, weighed, measured and sacrificed 126 (Gonadosomatic index (GSI): NP ≥ 0.05% (Oct) and ≤ 2.15% (Mar); LL ≥ 0.03% (Oct) and ≤ 127 0.11% (Mar)). Blood was collected as described above. 128
All fish were sacrificed in accordance with Spanish legislation concerning the protection of 129 animals used for experimentation and other scientific purposes. 
FSH dot-blot immunoassay analysis 172 173
The production level of FSHβ during the time course was measured by homologous FSH dot-174 blot immunoassay according to Molés et al. [21] . Briefly, the sample preparations (250 µl of 175 culture supernatant) were denatured (5% 2-mercaptoethanol (2-ME), 4 min at 95ºC) and 176 immobilized on a PVDF membrane (Immobilon P, Millipore; Billerica, MA, USA) using a 177
Bio-Dot microfiltration apparatus (Bio-Rad Laboratories Inc., CA, USA). This assay has a sensitivity of 162 ng/ml, with intra-and inter-assay coefficients of variation 186 of 9.8% and 11.5%, respectively. 187 (Fig. 2 ). The clone with highest level 287 of production was cultured to large scale for 72 h. After the purification process, the collected 288 fractions were analyzed by SDS-PAGE and Western blot. The Coomassie blue stain showed a 289 production with a high yield. A single band was intensely stained, although proteins of lower 290 molecular weight were also observed (Fig. 3A) . A Western blot analysis confirmed that the 291 purified protein and the low molecular weight products were FSHβ (Fig. 3B) , indicating that 292 some protein degradation may have taken place. The molecular weight detected for FSHβ 293 produced in yeast turned out to be slightly higher than that of the FSHβ previously produced 294 in the baculovirus system (Fig. 3A) . The purified FSHβ was used to generate specific 295 polyclonal antibodies through rabbit immunizations. The antiserum produced was tested in 296
Western blot, and specifically immunoreacted with pituitary extract and recombinant 297
European sea bass FSHβ forms produced in yeast and the baculovirus system, but did not 298 recognize recombinant European sea bass LH (Fig. 4) , indicating the FSHβ specificity of the 299 antibodies. 300 301
Development and validation of an ELISA for European sea bass FSH 302 303
A homologous competitive ELISA was developed for FSH determination in pituitary and 304 plasma samples, using recombinant FSH heterodimer for coating and the standard curve, and 305 the specific antiserum generated (AbFSHβ-2) for immunodetection. A series of tests were 306 performed to optimize the ELISA protocol by studying the behavior of the standard curve 307 under different temperatures, incubation times and coating concentrations. 308 Under optimized conditions, described in Materials and methods, the sensitivity of the assay, 309 defined as the lowest dose of FSH capable of reducing the optical density more than the mean 310 plus 2 standard deviations of the zero dose of FSH [B 0 -2SD], was 0.50 ng/ml (B i /B 0 > 311 93,9%). The half maximum displacement occurred at 11.32 ng/ml (B i /B 0 = 50%). 312
The precision of the assay was tested by calculating the intra-and inter-assay coefficients of 313 variation (CV). The intra-assay CV, tested by measuring replicates of the same sample in a 314 single assay plate, was 4.7, 2.1 or 1.4%, according to the calculations at 25, 48 or 74% of 315 binding, respectively (n = 10). The inter-assay CV, calculated by measuring the same sample 316 in different assays was 8.6, 5.4 or 3%, according to the calculations at 23, 44 or 83% of 317 binding, respectively (n=16). 318
The specificity of the assay was tested by cross-reaction of AbFSHβ-2 with recombinant 319
European sea bass LH produced in a baculovirus expression system [20] , which showed no 320 immunoreaction even at concentrations as high as 1000 ng/ml (Fig 5A) . 321
Finally, the assay was validated for European sea bass plasma and pituitary samples by testing 322 the parallelism with the standard curve. Displacement curves obtained with serial dilutions of 323 plasma and pituitary extracts produced sigmoid curves similar to the FSH standard curve (Fig.  324   5A) . In order to test the possibility of using the European sea bass FSH ELISA for FSH 325 measurements in other fish species, displacement curves of serial dilutions of pituitary 326 extracts and plasma from other fish species were compared with the FSH standard curve. 327
Non-parallelism with the FSH standard curve was observed for thicklip grey mullet (Chelon 328 labrosus), sea bream (Sparus aurata) and Senegalese sole (Solea senegalensis), which shows 329 the high degree of specificity of AbFSHβ-2 for European sea bass FSH (Fig. 5B) . 330 331
Determination of FSH levels 332 333

FSH levels during the European sea bass reproductive cycle 334 335
Plasma profiles of FSH were examined throughout the first reproductive cycle of both sexes, 336 which occurred during the second and third year of life in males and females, respectively. In 337 males, FSH levels increased significantly during active spermatogenesis (stages II-IV) and 338 fell to baseline levels just before full spermiation (stage V) (Fig. 6A) . In females, the FSH 339 levels peaked at vitellogenesis and post-vitellogenesis, while the minimum values were 340 detected at maturation-ovulation (Fig. 6B) . In both sexes, the baseline levels of FSH were 341 higher than 15 ng/ml. 342 343
FSH levels of juvenile European sea bass under different light regimes 344 345
Plasma FSH levels of juvenile European sea bass exposed to simulated natural photoperiod 346 (control group) or continuous light were examined from October to March. The analysis 347
showed that continuous light significantly reduced plasma FSH levels as compared to the 348 control group. Under natural photoperiod, plasma FSH levels increased steadily until reaching 349 their maximum level in March (GSI = 2.15%), while FSH levels of fish subjected to 350 continuous light, remained unchanged (GSI = 0.11%) (Fig. 7) . European sea bass FSH, using recombinant FSH and its specific antiserum. In teleosts, 359 homologous immunoassays for FSH have only been developed for three salmonid species and 360 one perciform species [1, 12, 34, 36, 39] . Traditionally, the immunoassays developed to 361 determine GTHs levels in fish have been based on native GTHs purified from fish pituitaries 362 and their specific antibodies. Since purification of native FSH is a very demanding process, 363 the production of recombinant forms is a good alternative that yields large quantities of 364 protein, ensuring its availability and no cross-contamination with other related glycoproteins. 365
In the present study, we have developed a sensitive and accurate immunoassay for FSH, an 366 ELISA able to measure FSH in plasma and pituitary samples. For this purpose, we produced 367 recombinant European sea bass FSHβ in the methylotrophic yeast Pichia pastoris, which was 368 used to generate specific antibodies. Prior to this, we had produced recombinant European sea 369 bass FSH heterodimer and FSHβ subunit using a baculovirus expression system [20, 21] , as 370 well as its specific antibodies (AbFSHβ-1). However, AbFSHβ-1 reacted very weakly with 371 FSH under native conditions; in spite of which we were still able to develop a dot-blot 372 immunoassay capable of measuring pituitary FSH under denatured conditions. Nevertheless, 373
to develop a more sensitive and accurate ELISA-like immunoassay, it was necessary to 374 produce new antibodies that could recognize nondenatured forms of FSH. Accordingly, a new 375 batch of recombinant FSHβ was produced in a yeast system. The main advantage of this 376 system, compared to the baculovirus system previously used [21] , is that the FSHβ was 377 efficiently secreted and easily purified from the culture medium, although the production 378 yield in yeast was somewhat lower than in the baculovirus system. In addition, yeast culture 379 does not require costly sophisticated growing media and is fairly easy to establish and scale 380 up. 381
The size of recombinant FSHβ generated in yeast was slightly higher than that previously 382 produced in the baculovirus system. This fact might be due to different degrees of 383 glycosylation, since Pichia pastoris have mostly a high-mannose-type N-linked glycosylation 384
[13] while insect cells, used in the baculovirus system, assemble insect-specific 385 paucimannose-type N-glycans [14] . 386
To develop the FSH specific ELISA, recombinant FSH heterodimer [20] was used as coating 387 and to generate the standard curve. The ELISA developed for European sea bass FSH showed 388 optimal characteristics in terms of precision, specificity and sensitivity, similar to those 389 reported for other fish GTH immunoassays. The precision was high, ensured by low intra-and 390 inter-assay coefficients of variation, which were both below 5% and 9%, respectively. These 391 variations are lower or similar to those reported for FSH immunoassays in other fish species, 392 which are in the range of 4-8% and 10-12% for intra-and inter-assay CVs, respectively [1, 393 12, 36] . The specificity was demonstrated by the absence of AbFSHβ-2 immunoreaction with 394
European sea bass LH; no cross-reactivity was detected in either the Western blot or ELISA. 395
Finally, the sensitivity of the European sea bass FSH ELISA (0.50 ng /ml) was much higher 396 than that of the FSH dot-blot immunoassay previously developed (162 ng/ml) [21] , and high 397 enough to measure plasma FSH levels. Moreover, the sensitivity was comparable to those 398 reported for fish GTH immunoassays, which ranged from 0.2 to 2.34 ng/ml for RIAs [12, 28, 399 34, 36, 39, 41] and 0.24 pg/ml to 0.65 ng/ml for ELISAs [1, 17, 18, 33] . 
